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DEVELOPMENTS I N  UPPER ATMOSPHERIC 
SCIENCE DURING THE IQSY 
Francis S. Johnson 
Southwest Center f o r  Advanced Studies  
Dal las ,  Texas 
During the  IQSY, there  were of course many advances i n  the area of 
upper atmospheric science,  and i t  would take a grea t  dea l  of t i m e  and 
space t o  descr ibe them a l l  adequately. 
a r b i t r a r i l y  s e l e c t  j u s t  a few of the  advances t h a t  were, i n  my view, among 
It i s  therefore  necessary t o  
the more important, 
Neutral  Upper Atmosphere 
The v e r t i c a l  s t ruc tu re  of the atmosphere i s  i n  large degree control-  
led by i t s  temperature d i s t r i b u t i o n ,  and the l a r g e s t  var ia t ions  i n  tempera- 
t u r e  occur above 200-km a l t i t u d e .  
shows a typ ica l  temperature d i s t r i b u t i o n  up to  100 km, and three d is t r ibu-  
This is i l l u s t r a t e d  i n  Figure 1, which 
t ions  a t  higher  a l t i t u d e s ,  
extreme conditions and an in-between, o r  average, s i t ua t ion ,  The range of 
va r i a t ion  can be seen t o  be very grea t ,  f a r  over a f ac to r  of two a t  the 
The three d i s t r i b u t i o n s  shown ind ica t e  near- 
highest  a l t i t u d e s .  
s o l a r  cycle,  the h ighes t  temperatures occurring near sunspot maximum, 
The biggest  port ion of the va r i a t ion  i s  governed by the 
The constant  temperatures above about 300 km i s  frequently referred t o  a s  
the exospheric temperature. 
The t o t a l  amount of atmosphere above any loca t ion  on the ea r th ' s  sur- 
face a t  sea l eve l ,  a s  indicated by the  barometric pressure,  i s  nearly con- 
s t a n t  (within about 5% of i t s  mean value);  t h i s  near constancy apparently 
r e s u l t s  from the meteorological c i r cu la t ion  of  the lower atmosphere, 
v e r t i c a l  extension of the atmosphere i s  governed by i t s  temperature and 
molecular weight. 
extended i n  the v e r t i c a l  d i r ec t ion  than where i t  i s  not ,  The e f f e c t  of 
temperature becomes e spec ia l ly  pronounced above 100 km, where the extreme 
va r i a t ions  indicated i n  Figure 1 occur'. 
Figure 1 is a d iu rna l  va r i a t ion ,  where the afternoon exospheric temperature 
m a x i m u m  i s  about 30% g r e a t e r  than the  nighttime minimum, 
atmosphere t o  develop an afternoon bulge t h a t  a f f e c t s  s a t e l l i t e  o r b i t a l  
decay. 
o r b i t a l  decay da ta .  
the northern hemisphere summer. 
hours behind the subsolar  point  on the e a r t h ' s  surface.  The concept was t h a t  
the bulge moved back and fo r th  across the equator with season, following 
the  overhead sun i n  l a t i t u d e ,  but lagging about two hours behind it, 
roughly descr ibes  the thermal s t ruc tu re  of the upper atmosphere a s  i t  was 
understood a t  the beginning of the IQSY. 
The 
Where the  temperature is high, the  atmosphere is more 
P a r t  of the va r i a t ion  shown i n  
This causes the 
Several  people have mapped the afternoon bulge making use of s a t e l l i t e  
Figure 2 shows a r e s u l t  obtained by Jacchia (1964) f o r  
This shows the bulge lagging about two 
This 
The ea r ly  mapping of the d iurna l  bulge was accomplished using data  
from r e l a t i v e l y  low inc l ina t ion  s a t e l l i t e s ,  so the north-south extent  of 
the  bulge was not  prec ise ly  determined, 
o r b i t s  of In jun  3 (70' i nc l ina t ion ,  250 km apogee), and Explorers 19 (17,6O, 
592 km) and 24 (81.4', 526 km) became ava i lab le  during the IQSY. A t  f i r s t  
the new da ta  did not c l a r i f y  the s i t ua t ion .  Jacchia and Slowey (1966) de- 
cided on the bas i s  of the  new da ta  t h a t  the d iurna l  bulge remained centered 
on the geographic equator,  but t h a t  it was considerably elongated i n  the 
north-south d i rec t ion .  
Data from the higher i nc l ina t ion  
The ana lys i s  w a s  made d i f f i c u l t  by the circumstance 
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t h a t  the  periods f o r  the  precession of the apogees around the  o r b i t s  were 
near ly  a year  o r  half-a-year f o r  t he  s a t e l l i t e s  concerned, making them re- 
l a t i v e l y  poorly su i t ed  f o r  the  separa t ion  of any seasonal e f f e c t s  from an 
elongation of the bulge i n  the north-south d i r ec t ion .  
Anderson (1966) has argued t h a t  t h e  upper atmospheric d e n s i t i e s  a r e  
much g r e a t e r  over the  summer polar  region than over the  winter po la r  region, 
which i s  incons i s t en t  with Jacchia and Slowey's conclusion. 
conclusion sounds eminently p l aus ib l e  on the  bas i s  of s o l a r  heating of the 
upper atmosphere, h i s  presenta t ion  of da t a  does not provide very convincing 
support f o r  h i s  hypothesis. 
s t i l l  d i f f e r e n t  conclusion. On the bas i s  of da t a  from Explorers 19 and 24, 
they a t  f i r s t  concluded t h a t  the  d iu rna l  bulge i s  i n  the winter hemisphere. 
Although a t  f i r s t  they believed on t h i s  bas i s  t h a t  t he  temperature maximum 
occurs i n  the winter hemisphere, they la ter  concluded, using addi t iona l  data 
from Explorer 9 and Echo 2 ,  t h a t  the  winter bulge is  due t o  increased helium 
content i n  the  winter upper atmosphere, and t h a t  the  temperature maximum 
occurs i n  the  summer hemisphere i n  accordance with e a r l i e r  concepts (Keating 
and P r i o r ,  1967). This i s  bas i ca l ly  a reasonable suggestion t h a t  can be 
understood i n  terms of t h e  physics t h a t  cont ro ls  the composition of the 
upper atmosphere; the necessary concepts w i l l  be discussed next. 
Although Anderson's 
Further,  Keating and P r i o r  (1966) reached a 
Up t o  an a l t i t u d e  of  about 100 km, the atmosphere i s  generally w e l l  
mixed, but a t  higher a l t i t u d e s  i t  tends t o  be i n  a condition of d i f fus ive  
equilibrium i n  the  g r a v i t a t i o n a l  f i e l d ,  With d i f fus ive  equilibrium, each 
atmospheric cons t i tuent  i s  d i s t r i b u t e d  independently of the others.  The 
atmosphere reaches t h i s  condition when i t  i s  mixed infrequently enough t o  
permi t  molecular d i f f u s i o n  t o  accomplish t h i s  r e s u l t ,  and t h i s  occurs pre-  
f e r e n t i a l l y  a t  high a l t i t u d e s  because the  molecular d i f fus ion  coe f f i c i en t  
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var i e s  inversely a s  the atmospheric densi ty  and hence increases  exponentially 
with a l t i t u d e .  Between the well mixed region of the  atmosphere and the d i f -  
fusive equilibrium region, there  i s  a t r a n s i t i o n  region i n  which the e f f e c t s  
of mixing compete with those of molecular d i f fus ion .  Above the t r a n s i t i o n  
region, molecular d i f fus ion  dominates over the  mixing, and below the t ran-  
s i t i o n  region, mixing dominates over molecular diffusion.  
s t a t ed  by saying t h a t  t he  molecular d i f fus ion  coe f f i c i en t  i s  much l a rge r  
This i s  concisely 
than the  eddy d i f fus ion  coe f f i c i en t  above the  t r a n s i t i o n  region, and v ice  
versa below it; i n  the t r a n s i t i o n  region they a re  comparable. Sometimes the 
a l t i t u d e  a t  which they a r e  equal is  cal led the turbopause, indicat ing tha t  
a t  t h i s  a l t i t u d e  turbulence ceases t o  be important i n  many atmospheric pheno- 
mena. From information on hea t  t r ans fe r  i n  the atmosphere, i t  appears t ha t  
eddy di f fus ion  a l s o  increases  exponentially with a l t i t u d e ,  but a t  a much 
slower r a t e  than molecular d i f fus ion .  Between 15 km and 105 km, eddy d i f -  
fusion increases  from about 10 t o  10 c m  / sec ,  o r  three orders of magnitude, 4 7 2  
while molecular d i f fus ion  increases  by six orders of magnitude over t h i s  
a l t i t u d e  range. 
Figure 3 shows typica l  d i s t r ibu t ions  of atmospheric const i tuents  i n  
the d i f fus ive  equilibrium condition. 
with the atomic weight, a s  each const i tuent  is  d i s t r ibu ted  i n  the gravita- 
t i o n a l  f i e l d  independently of the o thers ,  and the l i g h t  cons t i tuents  f a l l  
Note t h a t  the slopes vary inversely 
of f  with a l t i t u d e  less rapidly than the heavy const i tuents .  The concentra- 
t i ons  shown a r e  f o r  conditions near the minimum of the s o l a r  cycle. A s  the 
s lopes a r e  changed t o  correspond t o  d i f f e r e n t  temperatures, the curves more 
o r  less r o t a t e  about t h e i r  lower end points ;  the r e l a t i v e  change i n  concentra- 
t i o n  a t  the higher a l t i t u d e s  fo r  a given change i n  temperature i s  much smaller 
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f o r  the d i s t r i b u t i o n s  whose s lopes  a r e  s teep  than f o r  d i s t r i b u t i o n s  whose 
slopes a r e  small ,  As a r e s u l t ,  d e n s i t i e s  j u s t  below 500 km, where atomic 
oxygen i s  the p r inc ipa l  cons t i t uen t ,  change much more than j u s t  above 500 
km, where helium i s  the  p r i n c i p a l  cons t i tuent .  It was j u s t  t h i s  e f f e c t  which 
led t o  the  recogni t ion  of the  importance of helium i n  the  upper atmosphere 
by Nicolet  (1961), a t  which t i m e  t he  t r a n s i t i o n  between atomic oxygen and 
helium occurred a t  a somewhat higher a l t i t u d e  than occurs near s o l a r  minimum, 
A cons t i t uen t  which i s  so l i g h t  t h a t  i t s  concentration f a l l s  very slowly 
with a l t i t u d e  cannot have i t s  concentrations a t  very high a l t i t u d e s  g rea t ly  
increased by increasing i t s  already l a rge  slope and while keeping the  low 
a l t i t u d e  concentration unchanged. 
been shown i n  Figure 3 ,  but i t  i s  probably the p r inc ipa l  atmospheric con- 
s t i t u e n t  above about 700 km. 
The atomic hydrogen d i s t r i b u t i o n  has not 
Figure 4 shows d i s t r i b u t i o n s  of atmospheric cons t i tuents  i n  the lower 
p a r t  of the d i f f u s i v e  equilibrium region and i n  the  t r a n s i t i o n  region. 
t r i bu t ions  a r e  shown f o r  atomic and molecular oxygen, molecular nitrogen, 
helium, and argon where the  eddy mixing coe f f i c i en t  is  5 x 10 cm sec , 
Also shown by dashed curves a re  d i s t r i b u t i o n s  f o r  helium and argon where the 
eddy mixing c o e f f i c i e n t  i s  5.5 x lo5 cm2 sec"'; note the  f ac to r  of 5 increase 
i n  helium and f ac to r  of 2 decrease i n  argon a t  the higher a l t i t u d e s  when t h e  
eddy mixing c o e f f i c i e n t  i s  reduced. The r e l a t i v e  d i s t r i b u t i o n s  of argon and 
helium a r e  unchanged i n  the d i f f u s i v e  equilibrium region, and the same fac to r s  
apply a t  a l l  a l t i t u d e s  s ince  the same v e r t i c a l  temperature d i s t r i b u t i o n  was 
assumed f o r  the  two d i f f e r e n t  r a t e s  of eddy mixing. By con t r a s t ,  i f  a t e m -  
pera ture  change i n  the thermosphere were assumed, the  changes i n  concentra- 
t i o n  of each spec ies  would change with a l t i t u d e ,  With a 100°K change above 
D i s -  
6 2 -1 
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200 km decreasing t o  no change a t  120 h, the  d i s t r i b u t i o n s  a r e  not changed 
percept ib ly  be low bout 250 km, but  noticeably changes occur a t  300 km and 
g r e a t e r  changes occur a t  higher a l t i t u d e s .  
The changes t h a t  may occur i n  the  winter hemisphere can be described 
i n  terms of the  d i s t r i b u t i o n s  shown i n  Figure 4, The helium and argon con- 
cen t r a t ions  associated with the  lesser eddy mixing c o e f f i c i e n t  may apply i n  
the winter po la r  region; t h i s  would occur i f  the lower thermosphere (80- 
100 Ism) i s  less turbulen t  i n  winter than i n  summer. Even i f  the temperature 
i s  somewhat lower i n  the winter hemisphere, t he  increased helium concentra- 
t i o n  could s t i l l  cause the  maximum dens i ty  of the  atmosphere a t  a l t i t u d e s  
above 500 km t o  occur i n  the  winter hemisphere. A t  a l t i t u d e s  below 500 km, 
where the atomic oxygen concentrations dominate over helium and cont ro l  the 
atmospheric dens i ty ,  the maximum d e n s i t i e s  would occur i n  the  summer hemi- 
sphere where the temperature maximum occurs. Near sunspot maximum, the  tran- 
s i t i o n  a l t i t u d e  t o  heliuni i s  much higher, perhaps 1000 km, and the  winter 
bulge would be confined to t h i s  higher a l t i t u d e  region. 
D i s t r ibu t ions  f o r  atomic and molecular oxygen calculated using the  lower 
5 2 -1 value of 5.5 x 10 c m  sec f o r  the  eddy mixing coe f f i c i en t  a r e  not shown 
i n  Ffgure 4, A l e s s e r  mixing r a t e  would allow a g r e a t e r  degree of oxygen 
d i s soc ia t ion  t o  occurc, with increased atomic and decreased molecular con- 
cent ra t ions ,  provided t h e  r a t e  of photodissociation were unchanged. This 
arises because the  p a t t e r n  of  behavior is f o r  eddy mixing t o  t ranspor t  mole- 
c u l a r  oxygen upward i n t o  the  regions where i t  i s  photodissociated; the 
reac t ion  r a t e s  f o r  recombination of atoms i n t o  molecules a r e  too slow t o  
permit recombination t o  occur a t  t he  a l t i t u d e s  where photodissociation 
occurs, and molecular d i f f u s i o n  and eddy mixing must t r anspor t  the atomic 
oxygen downward i n t o  regions of g rea t e r  atmospheric concentration where re- 
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combination can take place.  
rates of photodissociation must decrease i n  the  winter hemisphere, ac t ing  
t o  decrease the  atomic oxygen concentration and increase  the  molecular 
oxygen concentrations,  
cu la ted ,  because ho r i zon ta l  t r anspor t  acts t o  maintain the  degree of  oxygen 
d i s soc ia t ion ,  and the  r a t e s  of ho r i zon ta l  t r anspor t  a r e  not known, 
rocket and s a t e l l i t e  measurements suggest t h a t  t he  degree of d i s soc ia t ion  
a t  120 km does not change g rea t ly  with l a t i t u d e  and season, so only the  atomic 
and molecular oxygen ca l cu la t ions  calculated on t h e  bas i s  of an eddy mixing 
r a t e  of 5 x 10 cm sec a r e  shown i n  Figure 4 ,  a s  these r e s u l t s  a r e  i n  
f a i r  agreement with the  observations. 
bes t  es t imates  of t he  v e r t i c a l  d i s t r i b u t i o n s  of  atomic and molecular oxygen 
over t h e  winter po la r  region. 
Obviously, due t o  the  lesser sun l igh t ,  the  
The consequences of  t h i s  cannot a t  present be ca l -  
Some 
6 2 -1 
A t  t h e  present t i m e ,  these a r e  our 
(a) Improved Morphology 
During the  IQSY, an improved descr ip t ion  of the  general p a t t e r n  
of ionospheric behavior has emerged, Although severa l  new fea tures  have 
been observed o r  b e t t e r  defined, there  has not been a corresponding improve- 
ment i n  the understanding of t he  physical causes of those new fea tures ,  
There have been notable improvements during the  IQSY i n  the  physical under- 
standing of some physical fea tures  of the  ionosphere, but these generally 
were fea tures  t h a t  were w e l l  described before the IQSY; some of these w i l l  
be discussed l a t e r  on. 
Although the atmosphere i s  generally w e l l  s t r a t i f i e d ,  so t h a t  changes 
i n  the  hor izonta l  d i r e c t i o n  take place only slowly, and s o l a r  r ad ia t ion  f a l l s  
uniformly on the  e a r t h ,  there  are sometimes some su rp r i s ing ly  rapid changes 
i n  i on iza t ion  with loca t ion  over the  e a r t h ' s  surface.  Muldrew (1965) has 
described an east-west trough of g r e a t l y  depressed F-region e l ec t ron  con- 
c e n t ~ a t i o n  t h a t  occurs a t  night near a geomagnetic l a t i t u d e  of 60 . 
5 shows Huldrew's r e s u l t s .  
0 Figure 
A t  higher l a t i t u d e ,  some narrower troughs some- 
0 is t ,  a l s o  indicated i n  Figure 5, but t he  one near 60 geomagnetic 
l a t i t u d e  (about 45' geographic l a t i t u d e  near 75OW longitude where these 
observations were made) i s  a p a r t i c u l a r l y  r egu la r  phenomenon. Data on 
t h i s  trough have been acquired primarily from polar -orb i t  topside-sounder 
s a t e l l i t e s ,  
but i t  i s  probably due t o  a p e r s i s t e n t  p a t t e r n  i n  the  upper atmospheric 
wind system, 
There is  no general  agreement a s  t o  the  cause of t h i s  trough, 
Another sudden drop i n  e l ec t ron  and ion  concentration has been observed 
i n  the  magnetosphere, wel l  above the  ionosphere. Carpenter (1966) has 
found from rad io  wh i s t l e r  da ta  t h a t  t he  e l ec t ron  concentration o f t en  f a l l s  
suddenly from a value near 100 cm 
t h i s  occurs i s  usua l ly  re fer red  t o  a s  the  "whistler knee" o r  "plasmapeuse", 
and it frequently occurs near t he  magnetic f i e l d  l i n e  t h a t  leaves the e a r t h  
near a geomagnetic l a t i t u d e  of 60 . This suggests t h a t  t he  geomagnetic 
f i e l d  i s  only a r t i a l l y  f i l l e d  with thermal plasma, a s  indicated i n  Figure 
6, The por t ion  of the  geomagnetic f i e l d  containing thermal plasma i s  ca l led  
here,  and its ou te r  boundary i s  the plasmapause; the  region j u s t  
-3 t o  less than 1 ~ m - ~ ;  t he  place where 
0 
beyond the  plasma ause jo ins ,  a t  l e a s t  roughly, t o  the  nighttime trough i n  
F region ion iza t ion .  
motion f o r  the  plasmapause, and t h i s  i s  shown i n  Figure 7. There i s  a slow 
inward nighttime movement, providing a minimum geocentric d i s tance  near 
dawn, followed by a s l i g h t  outward movement during the  morning and e a r l y  
Carpenter has a l s o  recognized a p a t t e r n  of d iu rna l  
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afternoon and then a rapid outward s h i f t  i n  the l a t e  afternoon. The 
dashed l i n e  i n  Figure 7 shows the approximately six-hour period of rapid 
va r i a t ion  during which the d e t a i l s  of motion a r e  not w e l l  known. During 
periods s f  geomagnetic a c t i v i t y ,  the plasmapause pos i t ion  moves inward with 
a t  most a few hours delay. The region i n  Figure 7 bounded by the crosses  
i s  t h a t  within which a s i g n i f i c a n t  number of observations has been made - 
i t  does not represent  a physical  boundary. 
of the plasmapause motion a s  due t o  plasma d r i f t  under ac t ion  of an e l e c t r i c  
Carpenter i n t e r p r e t s  a por t ion  
f i e ld .  
s e n t i a l l y  unexplained. 
However, the absence of plasma beyond the plasmapause remains es- 
Another s t range property of the ionosphere i s  the presence of i r regular -  
i t i e s  w i t h  s ca l e  s i z e s  ranging from possibly a few meters t o  a few tens of 
kilometers. 
i t i e s  i n  a s a t e l l i t e  and have found depressions i n  e lec t ron  concentration of 
a few percent over d i s tances  of a few kilometers. Such i r r e g u l a r i t i e s  must 
have a f i e l d  aligned s t ruc tu re ,  and they a r e  presumably responsible f o r  
the guidance of rad io  whis t le rs  from hemisphere t o  hemisphere along the mag- 
n e t i c  f i e ld  l i nes .  Such ducting of rad io  waves has a l s o  been observed a t  high 
frequency (Van Zandt e t  a l . ,  1965). 
(b) Diffusion and D r i f t  
Calvert  and Van Zandt (1966) have measured some of these i r regular -  
Probably the most s ign i f i can t  increases  i n  ionospheric understanding 
t h a t  have occurred recent ly  have involved plasma d i f fus ion  and d r i f t  under the 
ac t ion  of e l e c t r i c  f i e l d s ,  Three p a r t i c u l a r l y  s ign i f i can t  advances involve 
the formation of the equator ia l  anomaly i n  the  F region, the pers is tence of 
the F region a t  n ight ,  and the formation of  mid-lati tude sporadic E layers .  
The maximum e lec t ron  concentrations i n  the F region do not occur a t  
the equator,  but  on e i t h e r  s i d e  of the geomagnetic equator. 
nounced trough o r  relative minimum exists along the geomagnetic equator during 
A r a the r  pro- 
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the  afternoon, and the  regions of maximum e l e c t r o n  concentration occur a s  
two somewhat elongated maxima symetrically located about 15 
of t h e  geomagnetic equator. 
i n  terms of en eastward d i rec ted  electric f i e l d  t h a t  produces an  upward d r i f t  
of ionospheric plasma of about 10 m sec 
ward i n  the g r a v i t a t i o n a l  f i e l d  along the  geomagnetic equator towards higher 
l a t i t u d e s ,  Figure 8 shows the p a t t e r n  of t ranspor t ,  and Figure 9 shows the  
ca lcu la ted  ion iza t ion  contours when photoionization, recombination, d i f fus ion  
and electromagnetic d r i f t  are taken i n t o  account f o r  daytime conditions near 
the minimum of the  s o l a r  cycle. 
0 north and south 
Hanson and Moffett (1966) have explained t h i s  
-1 , The plasma then d i f f u s e s  down- 
The F region p e r s i s t s  throughout t he  night.  To expla in  t h i s  i n  terms 
of recombination processes, t he  r a t e  coe f f i c i en t s  would have t o  be unrea- 
sonably small. Hanson and Pa t te rson  (1964) showed how the  F region could 
be maintained through the  course of t he  night with acceptable r a t e  coef- 
f i c i e n t s  provided an  e l e c t r i c  f i e l d  were present t h a t  would cause an upward 
d r i f t ;  the  lesser d e n s i t i e s  t h a t  p r e v a i l  a t  t h e  higher a l t i t u d e s  reduce the  
loss  r a t e  t o  a value t h a t  i s  cons is ten t  with the  nighttime pers i s tence  of 
the F region. 
a t  60' geomagnetic l a t i t u d e  i f  there i s  a mechanism t o  reverse the electric 
f i e l d  d i r ec t ion  the re ,  Since the  e l e c t r i c  f i e l d s  a r e  generated by motions 
a r i s i n g  i n  the  neu t r a l  atmosphere, the  question resolves i t s e l f  i n t o  one of 
a pa t t e rn  of atmospheric c i r cu la t ion .  
This a l s o  provides a ready explanation fo r  the F region trough 
Sporadic E a t  temperate l a t i t u d e  has been i d e n t i f i e d  a s  cons is t ing  of 
t h i n  layers  of g r e a t l y  enhanced e l ec t ron  concentration, a s  indicated i n  
Figure 10 (Smith, 1966). A mechanism t o  expla in  the  formation of such a 
layer  has been recognized by Axford and Cunnold (1966). This depends upon 
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the  ex is tence  of a s t rong  wind shear  t h a t  causes the  plasma above and below 
the  shear  t o  d r i f t  i n t o  the  shear  zone and increase  i n  concentration there.  
Where seve ra l  ion  spec ies  are present ,  t h e  more rap id ly  combining spec ies  
are p r e f e r e n t i a l l y  removed by recombination i n  the  region of the  concentra- 
t i o n  increase ,  leaving t h e  most slowly recombining spec ies  a s  t he  p r inc ipa l  
ion  cons t i t uen t s  i n  the t h i n  sporadic E layer. The most slowly recombining 
ions i n  the  ionosphere are me ta l l i c  ions ,  probably of meteoric o r i g i n ,  but 
they a r e  normally of r e l a t i v e l y  minor importance. However, they become the  
r edminan t  ion  i n  the  sporadic E l aye r  because of t he  s e l e c t i v e  removal of 
the ions t h a t  normally predominate i n  t h e  E region - molecular oxygen and 
n i t r i c  oxide. 
(c) Chemistry 
There has been frequent disagreement i n  p a s t  years  between re- 
combination r a t e s  and reac t ion  r a t e s  derived from ionospheric da ta  end those 
obtained from laboratory measurements f o r  reac t ions  t h a t  were thought t o  be 
pe r t inen t .  Norton e t  a l .  (1963) have presented ionospheric evidence f o r  
r eac t ion  r a t e s ;  i n  p a r t i c u l a r  they noted the  importance of the  reac t ion  
0' + N2+ NO' 4- N 
3 -1 and t h a t  i t s  r eac t ion  rate should be near cm sec . This has now 
been confirmed by laboratory measurements by Ferguson e t  a l .  (1965a), who 
obtained a value of 3 x 10 c m  sec , Ferguson e t  a l .  (1965b) have a l s o  
measured the  r a t e  for t he  reac t ion  
-12 3 -1 
N2+ 4- 0 -+ NO' + N , 
obtaining a value of 2.5  x 10-l' cm3 sec"; t h i s  is the main l o s s  process 
f o r  N2+ between 120 and 220 km, and it provides the  main source of NO' near 
140 km. 
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(a) Ion Whistlers 
Ion cyclotron wh i s t l e r s  have been observed i n  satell i tes (Gurnett 
e t  a l . ,  1965). These a r e  s igna l s  t h a t  propagate below the  ion  gyro frequency 
i n  the  left-handed polarized mode, An example is  shown i n  Figure 11. The 
e l e c t r o n  wh l s t l e r  i n  Figure 11 is  a s h o r t  f rac t iona l -hop  e l ec t ron  wh i s t l e r  
agating i n  the  right-hand polarized wh i s t l e r  mode. A t  a cross-over fre- 
quency t h a t  occurs below t h e  proton gyro frequency, the  upgoing right-hand 
ed w h i s t l e r  s igna l  undergoes a po la r i za t ion  reversa l  t o  become a 
proton cyclotron whistler, Because of the  presence of heavier ions t h a t  would 
not pevrnit t h e  propagation of  i on  cyclotron waves with frequencies g rea t e r  
than the  heavy i o n  cyclotron frequency, the mode can be excited only by the 
po la r i za t ion  r eve r sa l  mechanism a t  t he  cross-over frequency, I n  common with 
o ther  wh i s t l e r s ,  the  maximum frequency is  the gyro frequency, 
(b) Plasma Line Observation i n  Thomson S c a t t e r  
Incoherent radar  backscatter,  o r  Thomson s c a t t e r ,  from the iono- 
sphere can be observed when powerful t r ansmi t t e r s  a r e  used a t  frequencies 
f a r  above the  plasma frequency of the  ionosphere, Most of the  returned 
energy is i n  a narrow c e n t r a l  l i n e  where the l i n e  width i s  governed by the 
Doppler spread f o r  the  ion  thermal v e l o c i t i e s .  However, a small amount of 
power is returned i n  a p a i r  of sharp l i n e s  separated from the t r ansmi t t e r  
frequency by the  plasma frequency. This has been observed by Perkins,  
eter and Yngvesson (1965), and t h e i r  r e s u l t s  a r e  shown i n  Figure 12. 
A f i l t e r  i s  used which is o f f s e t  from the  t r ansmi t t e r  frequency by the  in- 
dicated amount, 
below i t ,  give res onses t h a t  f a l l  wi th in  the  bandpass of the  f i l t e r ,  so 
two peaks a r e  seen. 
Two regions, one above the i o n  concentration maximum and one 
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The response seen i n  Figure 12 i s  g r e a t e r  than predicted by the  theory 
f o r  a thermal plasma. Perkins and Sa lpe te r  (1965) have explained the en- 
hancement i n  terms of photoelectrons. Recently, they have observed d i f -  
ferences between the  upshifted and .the downshifted frequencies t h a t  re- 
s u l t  from the  g r e a t e r  number of  upward moving (escaping) photoelectrons 
than downgoing photoelectrons that have come from .the magnetically conjugate 
po in t  i n  t h e  o the r  hemisphere; t h i s  observation ind ica t e s  t h a t  there  i s  
s i g n i f i c a n t  s c a t t e r i n g  of photoelectrons i n  the  magnetosphere and t h a t  they 
cannot pass from one hemisphere t o  the  o the r  without s i g n i f i c a n t  a t tenuat ion .  
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Figure 2 .  
Figure 3 .  
Figure 4. 
Figure 5. 
Typical temperature distributions through the atmosphere 
representative of daytime conditions near solar maximum, 
nighttime conditions near solar minimum, and an in-between 
situation. 
The distribution of exospheric temperature over the earth 
during the northern hemisphere summer when the nighttime 
minimum temperature is 1000°K (after Jacchia, 1964). 
The distribution with altitude of atmospheric constituents 
in a condition of diffusive equilibrium. 
shown are representative of nighttime condition near solar 
minimum. 
The distributions 
The distributions with altitude of atmospheric constituents 
calculated taking into account molecular diffusion, eddy 
diffusion characterized by a coefficient equal to 5 x 10 
cm sec (solid curves only), photodissociation of molecular 
oxygen, and recombination of atomic oxygen. The dashed curves 
show the calculated distributions of helium and argon taking 
into account molecular diffusion and eddy diffusion characterized 
by a coefficient equal to 5.5 x 10 cm sec , 
6 
2 -1 
5 2 -1 
The maximum electron concentration in the ionosphere, expressed 
in terms of the plasma frequency in Mc/s, as a function of 
geographic latitude near 75OW longitude (after Muldrew, 1965). 
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Figure 6. A t yp ica l  boundary f o r  the plasmapause a s  seen i n  meridional 
c ross  sec t ion  ( a f t e r  Carpenter, 1966). 
Figure 7. The loca t ion  of the  plasmapause a s  seen i n  an equator ia l  
c ross  sec t ion ,  The l i n e  of crosses  does not represent  a 
physical  boundary; i t  only ind ica t e s  the  region within which 
a s i g n i f i c a n t  number of observations has been made ( a f t e r  
Carpenter, 1966). 
Figure 8. The d r i f t  o f  ionospheric plasma near the geomagnetic equator 
calculated on the bas i s  of d i f fus ion  and an eastward d i rec ted  
e l e c t r i c  f i e l d  ( a f t e r  Hanson and Moffett ,  1966), 
Figure 9. Ion iza t ion  contours near the equa to r i a l  anomaly of the iono- 
spheric  F region calculated on the bas i s  of an eastward 
d i r e c t e d  electric f i e l d  when photoionization, recombination, 
d i f fus ion ,  and electromagnetic d r i f t  a r e  taken i n t o  account 
( a f t e r  Hanson and Moffett ,  1966). 
Figure 10. The ioniza t ion  p r o f i l e  through a sporadic E layer  a t  113 km 
a l t i t u d e  ( a f t e r  Smith, 1966). 
Figure 11. The frequency-time cha rac t e r i s t i c s  of a proton whis t le r  ( a f t e r  
Gurnett e t  a l . ,  1966). hl i s  the proton gyrofrequency and 
hl12 is the  cross-over frequency. 
1 
Figure 12, Plasma l i n e  observations i n  Thomson s c a t t e r  ( a f t e r  Perkins 
e t  a l . ,  1965) The responses shown a r e  those obtained 
through f i l t e r s  o f f s e t  from the t ransmi t te r  frequency by the 
amounts shown. Two peaks a r e  seen f o r  each f i l t e r ;  these 
- 19 - 
come from the two regions, one above and one below the ioni-  
zation maximum, where the plasma frequency equals the d i f -  
ference between the transmitter frequency and the f i l t e r  
frequency . 
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